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Abstract 
Thermal characteristic of a reheating operation with a latent heat thermal energy storage unit which uses supercooling 
is experimentally evaluated. Phase change material (PCM) is D-threitol whose melting point is 87 °C. The PCM is 
encapsulated in thin and long cylindrical copper containers. The capacity of each capsule is 912 mℓ. The storage tank 
is 166 ℓ in capacity and is filled up with 96 capsules. Heat of fusion of the threitol is 28 MJ in total. After the melting 
process, part of the sensible heat, 12.7 MJ, was extracted from the storage tank, which caused the threitol to be 
supercooled. During the supercooled state, the nucleation section was slightly reheated to keep the bottom 
temperature of the capsules over 69 °C for preventing the spontaneous nucleation. By cooling the nucleation section 
after 8-hour supercooled storage, the crystal nucleus of the threitol was generated in the bottom of each capsule, and 
the crystal grew upward in the capsule. During solidification, the 34.8 MJ was successfully released from the storage 
tank. The 56-hour supercooled storage was also tried and 27.1 MJ was extracted after the nucleation operation. When 
the reheating period was less than several hours, the reheating energy was less than 2 % of the extracted heat after 
nucleation, so that the reheating method is effective in heat balance to maintain the supercooled state. 
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Nomenclature 
 
h height from the bottom of the capsule [mm] 
t elapsed time [hr] 
1. Introduction 
Thermal energy storage is important to efficient generation and use of energy. Especially, latent heat 
thermal energy storage (LHTES) is superior to sensible heat thermal energy storage (SHTES) in the points 
of both high heat storage density of energy and stable output of temperature. Most of conventional 
LHTES systems are, however, developed as a technological extension of SHTES systems. Such medium-
term or long-term LHTES technology as conforms to thermal systems using waste heat or natural energy 
like solar heat has not been sufficiently developed. 
Nucleation temperatures of most materials are generally lower than their melting points. Figure 1 
shows a typical temporal temperature variation of D-threitol (HOCH2(CHOH)2CH2OH, hereinafter 
abbreviated to threitol) during melting and solidification processes. At the top of Fig. 1, "S" or "L" means 
the phase of the threitol in the solid phase or in the liquid phase. The legend indicates the materials of the 
container. After the threitol completely melted, the melt is cooled at a constant rate. Although the melting 
point of threitol is 87 °C, crystallization does not start until the melt is supercooled to about 65 °C in a 
copper container or to about 33 °C in a FEP (fluorinated ethylene propylene) container. Once 
crystallization starts spontaneously, the temperature of the threitol increases to its melting point and the 
threitol releases energy almost equal to its heat of fusion until solidification is completed. 
Supercooled thermal energy storage (Super-TES) uses the temperature hysteresis between fusion and 
solidification of a phase change material (PCM) [1]. A typical operating mode of the Super-TES is as 
follows. The PCM is completely melted by using surplus heat during slack demand times, and is left at a 
low temperature until heat demand times. During high demand times, the supercooled PCM is 
intentionally crystallized, and the heat of solidification released from the PCM is used. Therefore, 
compared with conventional LHTES, Super-TES can reduce heat loss from the storage system because 






















S L L  䊻 SS  䊻 L S(C op.)
S L L  䊻 SS  䊻 L S(F E P )
 
Fig. 1. Temperature variation of D-threitol during the melting and solidification processes 
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Threitol has been studied as one of PCMs because the melting point of the material is suitable for the 
temperature of hot water supply or heating [2]-[4]. However, there was not any concrete method to control 
such intense supercooling phenomenon as is shown in Fig. 1, and certainly to initiate nucleation on 
demand. Thus threitol has not been put to practical use so far. Then the novel thermal energy storage 
device which can activate nucleation in the melt by locally cooling operation was developed. The 
fundamental performance of the device was investigated with the threitol as a PCM [5], [6]. 
To realize the supercooled thermal energy storage, unnecessary nucleation of the PCM in the 
supercooled state must be prevented. The maximum degree of supercooling of the PCM is greatly 
different depending on the materials of the container. When a container of the threitol is fluororesin, the 
maximum degree of supercooling is large as is shown in Fig. 1 due to the high repellency. The fluororesin 
has also enough chemical resistance. However, a fluororesin container is expensive and weak. A metal 
container is strong and heat-resistant. As is shown in Fig. 1, however, the maximum degree of 
supercooling is small when a container of the threitol is metal. 
Therefore suitable methods to keep the supercooled state stable are more strongly required if a metal 
container is used. One of possible methods for keeping the supercooled state stable is to keep the 
temperature of the supercooled PCM higher than the spontaneous nucleation temperature. In this paper, 
thermal characteristics are investigated when the temperature of the supercooled threitol in a copper 
container is kept higher than its spontaneous nucleation temperature. 
2. Experimental method 
Figure 2 shows the experimental setup of the Super-TES unit. Major specifications of the unit are listed 
in Table 1. The PCM is D-threitol of the marketed reagent. The purity of the reagent threitol is 99 %. The 
melting point and the heat of fusion of the threitol measured by a differential scanning calorimeter are 
87.0 °C and 251 kJ/kg respectively. The threitol is encapsulated with a long and thin-wall copper 
container to prevent contamination and leakage. After the threitol is filled into the container, the inlet of 
the container is brazed with a tin solder including  silver. The size of the capsule in which threitol was 
filled (hereinafter referred to as PCM capsule) and the length of the storage tank are practical dimensions. 
The storage tank is partitioned into two sections by thermal insulation. The PCM capsules exist in both 
sides of the partition. The upper large section, 152 ℓ in capacity, is used for thermal energy storage and 
the lower small section, 1.6 ℓ, is used for initiating nucleation of the supercooled threitol. 
The threitol is heated or cooled by circulating water between the storage tank and a hot water circulator 
or a cold water circulator. An electric heater is installed in the nucleation section to heat the bottoms of the 
PCM capsules as a reheating operation. The thermal output of the electric heater is 150 W at 56 V. 
According to the temperature of the nucleation section, the duty ratio of the electricity into the heater is 
periodically regulated by a PID controller. 
The time of the nucleation of the encapsulated threitol is measured with planar copper-constantan 
thermocouples attached on the outer surfaces of the PCM capsules. Each thermocouple is located at a 
height of 50mm (h=50) from the bottom of the container, and in the center of the thickness direction of 
the thermal insulation. The vertical temperature distribution in the storage tank is measured with three 
typical PCM capsules on which six thermocouples are respectively attached on their outer surfaces. The 
six thermocouples are located at h=50, 150, 470, 820, 1170, and 1520 mm. The probable measurement 
errors of the thermocouples are within ± 0.15 °C after calibration. 
The temperatures of the circulating water are measured with platinum resistance thermometers located 
in the water inlets and the outlets of the storage tank. The temperature of the nucleation section is 
measured with a platinum resistance thermometer located in the center of the nucleation section. The 
probable measurement errors of the resistance thermometers are within ± 0.11 °C after calibration. 
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Fig. 2. Schematic of the experimental setup 
 
Table 1. Specifications of the storage unit 
Component Specification 
PCM (D-threitol) 
    Mass [kg/capsule] 
 
1.156 
PCM capsules (Copper) 
    Outer diameter x Height x Thickness [mm] 
    The number of capsules 
 
28.6 x 1702 x 0.4 
96 
Storage tank (Stainless steel) 
    Inner diameter x Height [mm] 
    Capacity of storage section / nucleation section [ℓ] 
 
348 x 1745 
152 / 1.6 
Capacity for circulating water in the tank 
    Storage section /  nucleation section [ℓ] 
 
57.8 / 1.3 
Thermal insulation around vertical wall (Foam polyphenol) 
    Thickness [mm] 
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The flow rates of the circulating water through the storage tank are measured with electromagnetic 
flowmeters accurate to ± 1 %. Thus heat flow between the storage tank and the circulators is calculated 
with the measured temperature difference and flow rate. The active power supplied to the electric heater 
in the nucleation section for reheating operation is measured with a wattmeter. The probable measurement 
error of the wattmeter is within ± 0.3 %. 
Experimental schedules are listed in Table 2. The storage cycle for a day in Table 2 is assumed as daily 
thermal energy storage on weekdays. The storage cycle for three days in Table 2 is assumed as 
intermittent thermal energy storage in the weekend. One storage cycle consists of the following six 
processes. 
1) Melting process: The hot water circulator gradually heats the circulating water flowing through both 
nucleation section and storage section. (The upper limit temperature is 94 °C) 
2) First heat recovery process: The circulating water only to the storage section is gradually cooled with 
a cold water circulator until the outlet temperature of the tank falls to 74 °C. 
3) Supercooled storage process: The water circulation is stopped and the threitol is kept supercooled. 
4) Reheating process: Electric power is supplied to the electric heater in the nucleation section when the 
temperature of the section falls to lower than 69 °C. 
5) Nucleating process: Water at a room temperature is circulated through the nucleation section for 5 
min. 
6) Second heat recovery process: The circulating water only to the storage section is gradually cooled 
with a cold water circulator until the scheduled time. 
The threitol completely melts by the melting process. Solar heat, exhaust heat of a cogeneration system, 
or off-peak electric power is expected as a heat source in the melting process. Thermal output from the 
storage tank in both heat recovery processes can be used for hot water supply or space heating. The 
supercooled storage process is assumed thermal energy storage in the nighttime or daytime. The 
additional thermal input by the reheating process prevents the spontaneous nucleation of the threitol 
during the supercooled storage. 
The flow rates of the circulating water through the storage section and the nucleation section were 12 
ℓ/min and 2 ℓ/min. The ambient temperature around the storage tank is variable because of the forced 
ventilation to take in fresh air to the test room. 
 
 
Table 2. Schedule of the experiment 
Operation 
Time [h-min] Water circulation 
Storage cycle for a day Storage cycle for three days 
Nucleation section Storage section 
Start End Start End 
Melting 00-00 12-00 00-00 12-00 Active Active 
Heat recovery 1 12-05 13-10 12-05 13-10 Inactive Active 
Supercooled storage 12-17 20-00 12-17 68-00 Inactive Inactive 
Reheating 14-00 18-00 14-00 66-00 Inactive Inactive 
Nucleation 20-00 20-05 68-00 68-05 Active Inactive 
Heat recovery 2 21-00 24-00 69-00 72-00 Inactive Active 
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3. Result and discussion 
3.1. Temperature and thermal output during one day storage cycle without reheating operation 
The experiments of heat injection, storage, and extraction with the Super-TES unit were carried out 
under the experimental conditions of the one day storage cycle in Table 2. An example of the results 
without the reheating operation is shown in Fig. 3. Figure 3 (a) shows the temperature variations of the 
PCM capsules. Figure 3 (b) shows the calculated thermal output extracted from the storage unit, and the 
temperature variation of the circulating water at the outlet of the tank. The temperature of the ambient air 
in the 1.2 m high was in the range between 25.2 °C and 27.6 °C during the experiment. 
The stored heat in the storage tank is gradually released from the tank to the ambient air. The threitol 
began to be heated from 49 °C at t=0 and began to melt at about t=3 h. The encapsulated threitol seems to 
have completely melted at about t=9 h. After the melting operation for 12 hours, part of the sensible heat 
of the threitol was extracted by the first heat recovery operation for one hour and five minutes. The heat 
extracted by this operation can be used for heat supply, if necessary. In the first heat recovery operation, 
the threitol was supercooled. 
In the storage tank, the temperature of the lower part becomes lower than the upper part shown in Fig. 
3(a) due to natural convection, so that thermal stratification is formed in the storage tank. If there is no 
reheating operation during the supercooled storage, the temperature difference between the upper part and 
the lower part of the storage tank increased with time. As a result of the thermal stratification, 
spontaneous nucleation more easily occurs in the threitol at the lower part. The temperature of the threitol 
in the upper part of the tank rose before the nucleation operation. The reason is that the threitol in the 
twenty capsules in total (21% of all quantities) started nucleation spontaneously, and the heat of 
solidification of the threitol in the twenty capsules began to be released in the tank. 
The heat of solidification of the threitol caused by the nucleation operation at t=20 h suddenly raised 
the temperatures of the threitol. The latent heat and part of the sensible heat were extracted by the second 
heat recovery operation from t=21 to 24 h. The heat extracted by this operation can be also used for heat 









































































Fig. 3. During the one day storage cycle without the reheating operation, (a) temperature variations of the PCM capsule and (b) 
thermal output from the storage unit and the temperature of the circulating water at the outlet of the tank 
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In Fig. 3(b), the thermal output expresses the one-minute mean value. The negative thermal output in 
Fig. 3(b) means the thermal input during the melting operation. The stored heat could be extracted in the 
two times by the two heat recovery operations. Although the thermal output larger than 20 kW is not 
shown in Fig. 3(b), the thermal output reached maximum, 46 kW, at the beginning of the second heat 
recovery operation. The large thermal output is caused by the high temperature of the threitol just after the 
nucleation operation. Therefore, the supercooled thermal energy storage will also be effective in startup of 
the heating system. 
3.2. Temperature and thermal output during one day storage cycle with reheating operation 
An example of the experimental results of the one day storage cycle with reheating operation is shown 
in Fig. 4. Figure 4 (a) shows the temperature variations of the PCM capsule. Figure 4 (b) shows the 
calculated thermal output extracted from the storage unit, and the temperature variation of the circulating 
water at the outlet of the tank. The temperature of the ambient air in the 1.2 m high was in the range 
between 26.1 °C and 28.7 °C during the experiment. 
As is mentioned above, the temperature of the threitol in the position of the nucleation section becomes 
the lowest during the supercooled storage process due to the thermal stratification. During the reheating 
operation, the temperature of the threitol was higher than the spontaneous nucleation temperature, which 
kept the threitol supercooled. The temperature difference in the vertical direction of the threitol in the 
capsule was decreased as shown in Fig. 4 by the reheating operation. 
During the period from t=14 to 18 h, the system was controlled with the reheating operation. Until t=15 
h, however, the temperature of the nucleation section was higher than the control objective temperature, 
69 °C. Therefore, the heating control for the nucleation section actually worked during the period from 
t=15 to 18 h. The consumption of the electric power supplied to the electric heater for the reheating 
operation was measured to be 139.6 Wh (502.6 kJ). 
The reheating operation is not used from t=18 to 20 h to reduce the energy consumption for reheating 
because the nucleation operation starts within two hours. Therefore, from t=18 to 20 h, the temperatures 









































































Fig. 4. During the one day storage cycle with the reheating operation, (a) temperature variations of the PCM capsule and (b) 
thermal output from the storage unit and the temperature of the circulating water at the outlet of the tank 
 Satoshi Hirano and Hiromi Takeuchi /  Energy Procedia  57 ( 2014 )  3140 – 3149 3147
nucleation of the threitol occurred in some capsules. In the case of Fig. 4(a), the threitol in three capsules 
spontaneously started solidification. However, as is shown in Fig. 4(a), the released heat of solidification 
from the three capsules was not so large to raise the upper temperature of the storage section distinctly. 
 The threitol in the remained 93 capsules was initiated nucleation by the nucleation operation at t=20 h. 
With the reheating operation, the two heat recovery operations also enabled the two times of thermal 
extraction. The maximum value of the thermal output in Fig. 4(b) was 48 kW at the beginning of the 
second heat recovery operation. 
3.3. Temperature variation during three day storage cycle 
The experiments were carried out under the conditions of the three day storage cycle in Table 2. 
Examples of the temperature variations of the PCM capsules are shown in Figs. 5 and 6. In Figs. 5 and 6, 
the temperature of the storage section means the average temperature in the vertical direction along the 
storage section. 
Figure 5 shows the result of the experiment without reheating operation. During the experiment shown 
in Fig. 5, the temperature of the ambient air in the 1.2 m high was in the range between 22.8 °C and 
28.0 °C. When there was no reheating operation during the supercooled storage period, the temperature of 
the nucleation section fell to around 50 °C within half a day as is shown in Fig. 5. Therefore, all the 
threitol filled in the 96 capsules spontaneously nucleated and started solidification. By the heat of 
solidification from the threitol, the temperature of the storage section rose after t=18 h. From t=18 to 
around 38 h, most of the heat of solidification dissipated from the storage tank to the ambient air. Before 
the time of the nucleation operation, the temperature of the storage section fell to 42 °C, and no heat of 
solidification remained in the threitol. As a result, only the small quantity of sensible heat could be 
extracted by the second heat recovery operation. 
Figure 6 shows the result of the experiment with reheating operation. During the experiment shown in 
Fig. 6, the temperature of the ambient air in the 1.2 m high was in the range between 23.6 °C and 27.4 °C. 
When there was the reheating operation during the supercooled storage period, the temperature of the 
nucleation section was continuously held near 69 °C as is shown in Fig. 6. The temperature of the storage 
section was lower than the nucleation section and close to the spontaneous nucleation temperature because 



























Fig. 5. Temperature variations of the PCM capsules without the reheating operation during the 3-day storage cycle 

























Fig. 6. Temperature variations of the PCM capsules with the reheating operation during the 3-day storage cycle 
 
19 capsules was initiated nucleation spontaneously before the nucleation operation. The heat of 
solidification caused by the threitol in the 19 capsules was used to restrain the temperature drop of the 
storage section until the nucleation operation. The threitol in the remained 77 capsules was initiated 
nucleation by the nucleation operation at t=68 h. From t=69 to 72 h, the stored latent heat was extracted 
from the storage tank. The consumption of the electric power by the electric heater for the reheating 
operation was measured to be 5805 Wh (20.90 MJ). 
3.2. Heat balance including the reheating operation 
The heat balance in the experiments shown in Figs. 3 to 6 is summarized in Table 3. About half of the 
sensible heat held just after the melting operation is extracted by the first heat recovery operation. Most of 
the remaining sensible heat is also extracted together with the latent heat by the second heat recovery 
operation after the nucleation operation. 
The additional heat required for the reheating operation is smaller than the stored latent heat as shown 
in Table 3. In the case of the one day cycle, the reheating operation contributes to increase the total 
extracted heat from the storage unit even if the additional heat for the reheating is considered to be the 
heat loss during the several hours of supercooled storage. In the case of three day cycle, the additional 
heat for reheating operation for more than two days reaches the 75% of the stored latent heat. The 
extracted heat with reheating operation is larger by 13% than the extracted heat without reheating even if 
the large additional heat is taken into account. Therefore, reheating operation may become the effectual 
measures depending on applicable condition. If there is a surplus heat during the supercooled storage, the 
surplus heat can be substituted for the electric power supplied for the reheating operation. 
4. Conclusion 
The characteristic of the latent heat thermal energy storage unit using supercooling was experimentally 
evaluated when the reheating operation is applied to preventing the spontaneous nucleation of the 
supercooled PCM. The 34.8 MJ of heat was extracted after 8-hour supercooled storage with the reheating 
operation. The 27.1 MJ of heat was extracted after 56-hour supercooled storage. When the reheating  
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Table 3. Heat balance of the thermal energy storage cycle 
Description Thermal energy [MJ] 
Term of storage cycle One day Three days 
Bottom reheating during supercooling storage Non-use Use Non-use Use 
Initial stored heat* Sensible (42䡚49 to 94 °C) 24.0 23.7 23.8 25.9 
 Latent 27.7 27.7 27.7 27.7 
 Total (A) 51.7 51.5 51.5 53.6 
Heat loss to the ambient air 4.5 3.7 36.7 10.6 
Recovered heat First recovery operation 12.6 12.7 12.6 15.8 
 Nucleation operation 0.2 0.2 0.1 0.2 
 Second recovery operation 34.4 34.8 2.1 27.1 
 Total (B) 47.2 47.7 14.8 43.0 
Reheating heat (C) 0 0.5 0 20.9 
Net recovery heat (B)-(C) 47.2 47.2 14.8 22.1 
Recovery ratio{(B)-(C)}/(A) 91.4 % 91.8 % 28.7 % 41.3 % 
*: Estimated from heat capacity and heat of fusion 
 
 
period was less than several hours, the reheating energy was less than 2 % of the extracted heat after 
nucleation. Therefore, the reheating method is effective in heat balance to maintain the supercooled state. 
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